Alzheimer's disease (AD) is the most widespread late-life dementia and involves the prefrontal cortex, a vulnerable brain region implicated in memory, emotion, cognition, and decision-making behavior. To understand the molecular differences between the effects of aging and AD on the prefrontal cortex, this study characterized the age-dependent changes in gene expression in Wistar rats (control) and OXYS rats (rodents that simulate key characteristics of sporadic AD) using RNA sequencing. We found that major altered biological processes during aging in Wistar rats were associated with immune processes. Gene expression changes during development of AD-like pathology as well as at the preclinical stage were related to neuronal plasticity, catalytic activity, lipid and immune processes, and mitochondria. A comparison of genes between data sets "OXYS rats" and "human AD" revealed similarity in expression alterations of genes related primarily to mitochondrial function; immune, endocrine, and circulatory systems; signal transduction; neuronal and synaptic processes; hypoxia; and apoptosis. Expression changes in mitochondrial processes identified in OXYS rats by RNA sequencing were confirmed by ultrastructural neuronal organelle alterations and low activity of respiratory chain complexes I, IV, and V in cortical mitochondria, suggesting that mitochondrial dysfunction appears to mediate or possibly even initiate the development of AD.
the addition of other pathological changes to a subthreshold level of AD pathology, in particular cerebrovascular dysfunction (4, 10, 11) . It is clear that vascular deficits diminish the brain's supply of oxygen, energy, substrates, and nutrients and impair the clearance of Aβ. There is convincing evidence that mitochondria may mediate, drive, or contribute to these problems and a variety of AD-associated pathologies (12, 13) , but dissecting the details is still a major challenge for research on the disease pathogenesis.
In this study, we assessed the mechanisms of the development of AD-like pathology in senescence-accelerated OXYS rats. These animals spontaneously develop all key signs of AD such as structural neurodegenerative alterations, neuronal loss, synaptic damage, disturbances of the neurotrophic supply, cerebrovascular alterations, Aβ accumulation and tau hyperphosphorylation in the hippocampus, and cognitive impairment (14) (15) (16) (17) (18) . Recently, we have obtained convincing evidence that mitochondrial dysfunction can mediate or possibly initiate AD-like pathological molecular cascades in OXYS rats (19) ; however, we do not know the molecular genetic basis of the main cause of mitochondrial alterations.
Here, we performed a comparative gene expression analysis on the prefrontal cortex of Wistar rats (control) and OXYS rats to understand the molecular effects of aging and AD at different stages of the disease, including the preclinical stage, using RNA sequencing. In addition, were carried out comparisons with human AD data sets as well as electron microscopic analyses to evaluate neuronal alterations during the development of AD-like pathology in OXYS rats. Ultrastructural mitochondrial alterations were collated with the activity of respiratory chain complexes I, IV, and V in cortical mitochondria.
Methods

Animals
All the experimental procedures were in compliance with the European Communities Council Directive of 24 November 1986 (86/609/EEC). The protocol of the animal experiments was approved by the Commission on Bioethics of the Institute of Cytology and Genetics, Novosibirsk, Russia.
We used 20-day-old and 5-and 18-month-old male OXYS and Wistar rats (Novosibirsk, Russia). The OXYS strain was derived from the Wistar strain of rats as described earlier (20) . The diets and living conditions of the animals as well as tissue sample preparation are shown in Supplementary Data 1.
Illumina Sequencing
More than 40 million single-end reads 50 bp long were obtained for each sample of cortical RNA, by Illumina nonstranded sequencing on an Illumina GAIIx instrument at the Genoanalitika Lab, Moscow, Russia (http://www.genoanalytica.ru/) in accordance with standard Illumina protocols (mRNA-Seq Sample Prep Kit). Briefly, polyadenylated mRNA was purified from total RNA using Sera-Mag Magnetic Oligo (dT) beads and then broken into small fragments by means of divalent cations and heating. Using a reverse transcriptase and random primers, we synthesized first-and second-strand cDNAs. The cDNA was processed in an end repair reaction with T4 DNA polymerase and Klenow DNA polymerase to blunt the termini. An "A" base was then added to the 3′ end of the blunt phosphorylated DNA fragments, and an Illumina adaptor with a single T overhang at its 3′ end was then ligated to the end of the DNA fragment, for hybridization in a single-read flow cell. After that, a size range of cDNA templates was selected, and these fragments were amplified on a cluster station using the Single-Read Cluster Generation Kit v2. Sequencing-by-synthesis (SBS) at 50-nucleotide length was performed by means of SBS v4 reagents on a Genome Analyzer IIx running the SCS2.8 software (Illumina).
Gene expression analysis was performed as described previously (18) . The genes with p adj less than .05 were selected as differentially expressed.
Comparisons With Previous Human AD Expression Studies
AD expression data from the NCBI SRA database under the accession number SRA060572 were analyzed. The data set is composed of four control and five AD cases from Emory University and three control and three AD cases from the University of Kentucky. The raw data were subjected to quality trimming and adapter removal and mapped to GRCh37 human genome assembly from the 1000 Genomes Project (www.internationalgenome.org), using TopHat v2.0.12 (21) and ENSEMBL GRCh37.82 gene annotation. Read counting and statistical analysis of differential expression were performed using the DESeq2 (22) R package. Given that the two data sets differ in both the source and sequencing protocol (single end vs paired end), a two-factor design (diagnosis and source of a data set) was applied. The genes with p adj less than .05 were assumed to be differentially expressed. The one-to-one orthologous relationships between the Homo sapiens GRCh37 and Rattus norvegicus Rnor_5.0 gene annotations were extracted via the ENSEMBL BioMart web service (http://www.ensembl.org/ biomart/martview) and used to compare the DEGs obtained for humans and rats.
Functional Analysis and Construction of Gene Interaction Networks
To identify the Gene Ontology (GO) terms overrepresented in a DEG list, the detected DEGs were subjected to functional enrichment analyses by means of the DAVID (http://david.abcc.ncifcrf.gov/summary.jsp) tool. Pathway analysis of the DEGs was conducted with WebGestalt GSAT (http://www.webgestalt.org/option.php) using the KEGG pathways (http://www.genome.jp/kegg/) and WikiPathways (https://www. wikipathways.org). The gene interaction networks were identified on the GeneMANIA web server (http://www.genemania.org/).
Electron Microscopic Examination
For this purpose, the prefrontal-cortex samples (n = 4) were prepared as described elsewhere (23) . For evaluation of morphological features, neurons were identified in the electron micrographs (30 photos per animal). Next, all the morphological changes that are located in the neurons were painted in software. Ultrathin sections were examined under a JEOL JEM-100SX transmission electron microscope (JEOL Ltd, Japan) at 60 kV at the Interinstitutional Shared Center for Microscopic Analysis of Biological Objects (Institute of Cytology and Genetics, Novosibirsk, Russia). For quantitative analysis, electron-transparent regions were identified on the electron micrographs of cortical neurons and were painted using software. The photos were processed in Adobe Photoshop; for each photo, the following parameter was determined: the total area of each type of organelle located in the electron-transparent areas of the neurons. Then, the organelle-occupied proportion of the neuron area was calculated. 
Statistical Analysis
The data were subjected to analysis of variance (ANOVA; Statistica 8.0 software). Two-way ANOVA was conducted to evaluate the agedependent effects (age × genotype [strain]). The Newman-Keuls test was applied to significant main effects and interactions to assess the differences between some sets of means. The data were presented as mean ± SEM. The differences were considered statistically significant at p less than .05.
Results
Differential Expression of Genes in the Prefrontal Cortex of OXYS Rats
To identify the extent to which genes are differentially expressed in the prefrontal cortex in the period preceding the development (age 20 days), during manifestation (5 months), and at the well-pronounced stages (18 months) of the AD-like pathology in OXYS rats, gene expression was compared between OXYS rats and age-matched Wistar rats. We identified 292 protein-coding mRNAs (p adj < .05) that are differentially expressed in 20-day-old OXYS rats. There were 424 DEGs at the age of 5 months and 1,405 DEGs at the age of 18 months ( Figure 1A) .
Among the 74 DEGs that matched among the three age periods (overlapping gene sets; Figure 1B ), mRNA expression of 33 genes was increased and decreased for 40 genes in OXYS rats. Only the subunit of the pre-α-trypsin inhibitor complex (Itih3) involved in stabilization of the extracellular matrix was upregulated at the age of 20 days and downregulated at the ages of 5 and 18 months. Analysis of the 74 matching DEGs (among the three overlapping gene sets) using DAVID revealed two basic clusters that were related to "reproductive process" and "mitochondrion" (Supplementary Table 1 ). In addition, 22 from the 74 matching DEGs are among the top 30 DEGs for 18-month-old OXYS rats (Supplementary Figure 1) . Note that in this list of top genes, there were all DEGs at the age of 5 months and 73.3% of DEGs at the age of 20 days, including NADH dehydrogenase ubiquinone 1 alpha subcomplex 10-like 1 (Ndufa10l1), a component of the respiratory chain Complex I, and 3-hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs2), a control mitochondrial enzyme in ketogenesis, suggesting that impairment of mitochondrial function may precede the development of AD.
The most significant GO terms in 20-day-old OXYS rats were associated with nervous system development, catalytic activity, lipid and immune processes, and mitochondria. At the age of 5 months, GO terms were also associated with nervous system development, immune and lipid processes, catalytic activity, and protein binding. In 18-month-old OXYS rats, highlighted GO terms were associated with regulation of cell communication and signal transduction, nervous system development, regulation of cell death, response to oxygen levels, ion binding, catalytic activity, gliogenesis, synaptic processes, and mitochondria ( Figure 1C ).
According to the analyses of KEGG and Wiki pathways (p < .01), in 20-day-old OXYS rats, genes of sphingolipid metabolism were upregulated or downregulated; MAPK-and Hedgehog signaling pathways, phagosome, and gap junction were upregulated ( Figure 1D ). At the age of 5 months, the pathways involved in lipid metabolism, cellular community, cell death and circulatory system were upregulated, and the pathways associated with catabolism and the immune system were downregulated. We highlighted among the top pathways in 18-month-old OXYS rats the following categories: genes of immune processes were upregulated or downregulated; autophagy, adipogenesis, and signal transduction were upregulated; genes associated with neurodegenerative diseases such as AD, Parkinson's disease, and Huntington's disease were downregulated ( Figure 1D ).
Age-Associated Prefrontal-Cortex Transcriptome Changes in OXYS and Wistar Rats
We found that in OXYS rats, 6,618 genes significantly changed expression between the ages of 20 days and 5 months, and 5,686 genes changed expression between the ages of 5 and 18 months. In Wistar rats, 5,727 genes significantly changed expression between the ages of 20 days and 5 months, and 97 genes changed expression levels between the ages of 5 and 18 months (Figure 2A-C) .
To determine the functional gene changes that occur throughout the life span and during the development of AD-like pathology, we performed the KEGG and Wiki pathway analyses (p < .01). We found that in both rat strains by the age of 5 months, the annotated pathways in almost all cases were similar. Between the top 30 significant pathways (p adj < 8e−08) identified in OXYS rats and the top 30 significant pathways (p adj < 8e−08) identified in Wistar rats (Supplementary Tables 2 and 3 ), the matching pathways are related to synaptic and immune processes, adipogenesis, the cell cycle, focal adhesion, and signal transduction.
As for the age period between 5 and 18 months, in Wistar rats, the DEGs were associated with immune processes and phagosomes (Supplementary Table 4 ). In contrast, in OXYS rats, progression of AD-like pathology was associated with a large number of signaling pathways. Among the most significant pathways (p adj < 5e−06), the DEGs were associated with energy-and lipid-related metabolic pathways; signal transduction; cell death; immune, endocrine and circulatory systems; neuronal processes; and neurodegenerative diseases such as AD, Parkinson's disease, and Huntington's disease ( Figure 2D ; Supplementary Table 5) .
We next analyzed the 67 DEGs in OXYS rats related to the AD pathway according to KEGG pathway analysis (Supplementary Table 6 ; Supplementary Figure 2 ). The expression levels of genes involved in the processing of Aβ precursor protein (Apbb1, amyloid β precursor protein-binding family B member 1) and γ-secretase (Psen2, presenilin 2, and Aph1a, aph-1 homolog A, gamma-secretase subunit) were high. The expression levels of genes related to α-secretase (Adam10, ADAM metallopeptidase domain 10, and Adam17, ADAM metallopeptidase domain 1), APP-BP (Nae1, NEDD8 activating enzyme E1 subunit 1), aggregation of Aβ (Lpl, lipoprotein lipase), and degradation of Aβ (Mme, membrane metalloendopeptidase) were low. In addition, according to DAVID, changes in gene expression were related to mitochondrial functions, synaptic processes, kinase activity (in particular, tau protein kinase activity), responses to hypoxia and oxidative stress, and apoptosis (Supplementary Table 6 ).
Comparison of Human and OXYS Rats' AD-Like Brain Transcriptomes
To confirm our previous findings (14-19) and the results obtained in this study indicating that OXYS rats are a suitable model for studying the initiation and progression of pathological molecular cascades of AD, human AD prefrontal-cortex transcriptome data sets were analyzed. Analysis of DEGs resulted in identification of 1,733 DEGs in human AD (p adj < .05), which were next compared with 1,418 DEGs identified for OXYS rats at the well-pronounced stage (age 18 months) of AD ( Figure 3A) . This comparison revealed an overlap consisting of 135 genes, including 73 DEGs with unidirectional gene expression ( Figure 3B ). According to DAVID, these 73 matching DEGs are related to neuronal and synaptic processes ( Figure 3C ). We next constructed the interaction network for these DEGs by means of GeneMANIA (Supplementary Figure 3) . We found that despite the small number of DEGs related to GO terms, the most enriched of them were associated with mitochondrial functions. It is noteworthy that among the 73 matching DEGs, 12 genes (BNIP3, KRAS, CHDH, CHCHD7, CDKL2, DLD, GDAP1, GLRX2, GLRX3, LPIN1, MTCH2, and SUCLA2) were directly or indirectly associated with mitochondrial processes, according to DAVID analyses (Supplementary Table 7) .
Common altered biological processes between human AD and OXYS rats
To further compare human and OXYS rats' AD-like brain transcriptomes, GO terms of DAVID and KEGG analyses were used. GO analysis revealed that upregulated genes for humans were the most significantly (p < .0001) associated with regulation of cell death, response to wounding, and an inflammatory response. In OXYS rats, upregulated genes were the most significantly (p < .0001) associated with a response to oxygen levels, neuron development, a response to hypoxia, blood circulation, synapse, and ion binding. Downregulated genes in OXYS rats were significantly enriched in cell cycle processes, GTPase activity, and nuclear processes (p < .01). In human AD, the downregulated genes were mainly associated with synaptic processes, ion transport, and ATPase activity (p < .0001). Common upregulated biological processes between humans and OXYS rats included regulation of cell death, an intracellular signaling cascade, a response to hypoxia, cell proliferation, extracellular matrix, and protein binding (p < .05). Similar to human AD, OXYS rats show a decline of a protein catabolic process, nucleotide binding, GTPase activity, and mitochondrial processes (p < .05; Supplementary Table 8) .
KEGG analyses revealed an overlap consisting of 52% signaling pathways (p < .05) between human AD and OXYS rats; the majority of these pathways were related to nucleotide metabolism; endocytosis; lysosomes; the cell cycle; apoptosis; cellular community; immune, endocrine, and circulatory systems; signal transduction; and neuronal and synaptic processes (Supplementary Table 9 ; Figure 3D ). In addition, pathways related to neurodegenerative diseases such as AD, Parkinson's disease, and Huntington's disease matched between human AD and OXYS rats ( Figure 3D ). Using GeneMANIA, we next constructed the interaction networks for the DEGs in humans (21 genes, p adj = 1.64e−05) and OXYS rats (12 genes, p adj = 0.01) involved in the AD metabolic pathway ( Figure 3E ). We found that almost all the GO terms enriched in humans and OXYS rats were related to mitochondrial functions. The most enriched GO term in both groups was related to the respiratory electron transport chain (p < 4.78e−34 for human AD and p < 2.08e−51 for OXYS rats; Supplementary Table 10 ). When we compared the DEGs that are associated with AD, Parkinson's disease, and Huntington's disease, we found that matching DEGs in humans (nine genes) and matching DEGs in OXYS rats (seven genes) were mostly related to complexes I, IV, and V of the electron transport chain (Supplementary  Figure 4) . These findings support the hypothesis that mitochondrial dysfunction may be a trigger for the development of neurodegenerative diseases.
Age-dependent changes in the expression of the genes matching between human AD and OXYS rats Because significant similarities in alterations of gene expression were found in the prefrontal cortex of OXYS rats at the advanced stage of the disease and in patients with AD, we next determined which genes from the matching 73 DEGs changed expression with age in OXYS rats (Supplementary Table 11 ). Among these AD-related genes, the expression of the important for synaptic processes serine protease 12 (Prss12) (24) significantly decreased in OXYS rats at all stages of disease including the preclinical period (age 20 days). In addition, we highlighted six genes (Fam129a, Slc7a14, Ppp1r3b, Vwc2l, Xrcc6, and Ctxn3) that are differentially expressed in OXYS rats already at the early stage (age 5 months) of AD. The expression of Fam129a, which encodes a protein called "family with sequence similarity 129 member A" and is involved in regulating p53-mediated apoptosis (25) was twofold higher both in OXYS rats and in human AD. Protein phosphatase 1 regulatory subunit 3B (Ppp1r3b), which is involved in lipid metabolism and considered a candidate gene of AD (26) , was also upregulated in OXYS rats and human AD. Among the four downregulated genes, cortexin 3 (Ctxn3) showed the most significantly changed expression. Recently, it was suggested that overexpression of CTXN3 may lead to a decrease in Aβ peptide production by directly modulating APP metabolism (27) .
Major Altered Biological Processes During Aging and Development of AD-Like Pathology
To determine which processes play more important roles (ie, are enriched) in OXYS and in Wistar rats between two age periods, we next performed functional annotation clustering with DAVID for DEGs exclusively expressed in each rat strain (Supplementary  Table 12 ). In OXYS rats, between the ages of 20 days and 5 months, 904 genes exclusively showing upregulated expression ( Figure 2B) were mainly related to a protein catabolic process, protein folding, proteasome activity, a cellular response to stress, the cell cycle, ion binding, and antigen processing and presentation. The 971 genes exclusively downregulated in OXYS rats were related to ATP binding, GTPase activity, and synaptic and neuronal processes. In Wistar rats during the same period, there were 449 genes that showed exclusively upregulated expression ( Figure 2B ); they were mainly related to a response to an abiotic stimulus, cytoskeleton, and a lipid process. The 536 exclusively downregulated genes were related to tube development and the extracellular matrix.
In OXYS rats, between the ages of 5 and 18 months, 3,178 genes that were exclusively upregulated and 2,434 genes that were exclusively downregulated ( Figure 2C ) were associated with a big number of significant clusters by DAVID. Among the 10 most significant clusters, the upregulated processes were related to synaptic and neuronal processes, mitochondria, ATP binding, enzyme binding, and protein transport (Supplementary Table 12 ). The genes downregulated in OXYS rats were related to nucleoplasm, a ubiquitin-dependent protein catabolic process, intracellular transport, ion binding, enzyme binding, and transcription (Supplementary Table 12 ). In Wistar rats during the same period, there were only 14 and 9 genes that were exclusively upregulated and downregulated, respectively ( Figure 2C ). Only upregulated genes were associated with two clusters related to cell activation (Supplementary Table 12 ).
For a more complete understanding of which processes make the most significant contribution to the development and progression of AD-like pathology and their chronological sequence, we next compared the GO terms for exclusively upregulated and downregulated DEGs between the two age periods in OXYS rats. By the age of manifestation of disease-like pathology (age 5 months), the exclusively upregulated processes mainly were related to immune functions and protein folding; the exclusively downregulated processes were mainly related to a lipid process (Figure 4) . By the age of the well-pronounced stage (age 18 months) of AD in OXYS rats, the exclusively upregulated processes mainly were related to synaptic processes and mitochondria, and the downregulated processes were related to protein import, cell-cell signaling, and an energy metabolic process (Figure 4) . The processes related to cell death, synaptic and neuronal processes, ion channel activity, and mitochondria were upregulated or downregulated in OXYS rats by the age of 18 months. During both age periods, the upregulated GO terms were associated with regulation of biological processes and mitochondria; downregulated GO terms were associated with mitosis, nuclear division, and organelle fission (Figure 4) . The processes related to protein localization, the Golgi apparatus, ion binding, enzyme binding, a response to DNA damage stimulus, and synaptic functions were upregulated or downregulated in OXYS rats for both age periods. The processes that were upregulated by the age of 5 months and then were downregulated by the age of 18 months were mainly associated with nuclear processes. Conversely, the processes that were downregulated by the age of 5 months and then were upregulated by the age of 18 months were mainly associated with regulation of neuronal development, ion transport, and ATP binding (Figure 4 ).
Mitochondrial Alterations in OXYS Rats
Here, we found that already at the preclinical stage, OXYS rats showed changes in gene expression related to mitochondrial function. Therefore, we next examined ultrastructural characteristics of the mitochondrial apparatus in the neurons of the prefrontal cortex of OXYS and Wistar rats at 20 days and at 5 and 18 months of age (Figure 5A-F) . In 20-day-old OXYS rats, the state of mitochondrial ultrastructure in cortical neurons was comparable to that of Wistar rats with only occasional and modest disruption of ultrastructural features. In contrast, by the age of 5 months, some neuronal mitochondria of OXYS rats manifested considerable disorganization of cristae structure, matrix rarefication, and disordered membrane architecture. In 18-month-old OXYS rats, these changes were even more pronounced, with a lucid matrix, widespread membrane disorganization, broken and scarce cristae, and swollen mitochondria.
The results were quantified by stereotypic methods. For each of the three age groups of OXYS and Wistar rats, we calculated the portion occupied by mitochondria, lysosomes, Golgi apparatus, endoplasmic reticulum, vacuoles, of by lipofuscin (Supplementary  Table 13 ) of the whole neuron area. We found that the mitochondria-occupied portion did not differ between the two rat strains at the age of 20 days and decreased in OXYS rats from the age of 5 months ( Figure 5G ). In addition, already at the age of 20 days, in OXYS rats, the specific areas of lysosomes and vacuoles were greater, and the specific area of the Golgi complex was smaller in comparison with Wistar rats (p < .05; Supplementary Table 13) . At the age of 5 months in OXYS rats, the specific areas of the endoplasmic reticulum and Golgi complex were smaller, and those of vacuoles and lipofuscin were greater when compared with Wistar rats (p < .05). With age, these differences progressed: in 18-month-old OXYS rats, the specific area of lipofuscin, lysosomes, and vacuoles was 1.7-fold, 1.6-fold, and 1.4-fold greater, respectively, and that of the endoplasmic reticulum and Golgi complex was smaller in comparison with Wistar rats (p < .05; Supplementary Table 13) .
A decrease in the activity of the respiratory chain is an important sign of the impairment of mitochondrial function in the AD brain. Finally, we have measured age-related changes in the activities of the respiratory chain complexes I, IV, and V in the mitochondria of the prefrontal cortex of Wistar and OXYS rats. According to ANOVA, the activity of complexes I, IV, and V was lower in OXYS rats (F 1,36 = 14.6, p = .001; F 1,36 = 9.8, p = .0047; and F 1,40 = 14.01, p = .00057, respectively) with the interstrain difference being significant at the age of 5 months (p < .05) for complexes I and V and at the age of 18 months for complex IV (p < .05; Figure 5H -J).
Discussion
The dementia of AD is diagnosed when an individual loses independent functioning as a result of impairments in cognitive function (28) . These symptoms are thought to be a direct reflection of the accrual of pathological alterations in multiple brain regions related to memory, for example, the prefrontal cortex. Transcriptomic analyses, which imply no a priori etiological hypotheses, show much promise for elucidating the pathogenesis of complex diseases including AD (29) . Because in humans, such studies (especially those on the early asymptomatic stages of AD) are problematic, in the present study, we used OXYS rats to understand the molecular aberrations that lead to AD-like pathology. We found that most of DEGs in the prefrontal cortex during the development of AD-like pathology as well as genes at the preclinical stage are related to specific molecular processes such as neuronal plasticity, catalytic activity, lipid metabolic processes, immune processes, and mitochondrial function.
The onset of adolescence and adulthood triggers significant changes in gene expression as does the onset of old age. Between the ages of 20 days and 5 months, there were changes in the expression of more than 5,500 genes in Wistar rats and OXYS rats. Accordingly, the altered pathways matching between the two rat strains in this age period are related to neurotrophic supplementation and synaptic plasticity, immune and lipid processes, cell cycle, and signal pathways such as MAPK and calcium pathways. With age (from 5 to 18 months) in Wistar rats, only 97 genes changed their expression; most of them are related to immune processes. In OXYS rats, in the course of progression of AD-like pathology expression of more show age-related deterioration of mitochondrial structure, which is more prominent in OXYS rats. Scale bar = 4 µm. High-magnification pictures of Wistar and OXYS mitochondria show organelles with a rarefied matrix and broken cristae (black arrowheads). Lipofuscin accumulation (white asterisks) is also evident: more prominently in OXYS rats, especially in 18-mo-old animals. Scale bar = 1 µm. (G) The mitochondria-occupied portion of the cortical neuron area in OXYS and Wistar rats. The activities of respiratory chain complexes I (H), IV (I), and V (J) in the mitochondria of the prefrontal cortex of Wistar and OXYS rats. *Significant differences between the strains of the same age; # significant differences with the previous age within the strain. OD = optical density. than 5,500 genes underwent changes. Most of them are related to neuronal and synaptic plasticity; immune, endocrine, and circulatory systems; mitochondrial function; and cell death.
The progression of AD-like pathology in OXYS rats occurs during the changes in the expression of 67 genes that are associated with the AD metabolic pathway and could play an important role in the pathogenesis of the disease. These DEGs are mainly related to APP and Aβ processing, regulation of tau protein, mitochondrial function, and synaptic processes. It is worth noting that the increases in the amounts of APP, Aβ , and extracellular Aβ deposits in the brain of 12-month-old OXYS rats occur later than do mitochondrial function abnormalities, hyperphosphorylation of the tau protein, synaptic loss, and neuronal cell death (14, 15, 30) . Increasing evidence points to a role of mitochondrial alterations upstream of Aβ and tau aberrations in AD (31) . Indeed, in this study in the prefrontal cortex, and recently, in the hippocampus (19), we found that already at the preclinical stage, OXYS rats manifested some characteristic ultrastructural changes and decreased activity of respiratory complexes I, IV, and V, as well as the changes in the expression of genes related to mitochondrial function; these alterations progressed with the development of AD-like pathology. It is noteworthy that although there is a decrease in mitochondrial function with aging in OXYS rats, there is an increase in the expression of many mitochondrial genes. The consequence of mitochondrial dysfunction is suppression of energyconsuming processes in neurons, inflammation, disruption of synaptic plasticity, and, ultimately, neuronal death (31) .
The neurodegenerative changes in the brain of OXYS rats take place simultaneously with formation of demyelination foci (increasing with age) (32) and structural changes in microtubules (23) , which could be a consequence of the hyperphosphorylation of tau protein (14, 15) . At the well-pronounced stages of AD in OXYS rats, the neurotoxic effect of tau protein may also be mediated by Aβ, which enhances tau phosphorylation through the activation of Cdk5 and GSK3b kinases, caspases 3 and 9, and calpain (33) . Here, we found that progression of the signs of AD in OXYS rats occurs with a decrease in the level of mRNA of Gsk3b (log 2 FC = −0.26) and an increase in the level of Cdk5 (log 2 FC = 0.32), Casp9 (log 2 FC = 0.32), and Capn1 (log 2 FC = 0.4) in the prefrontal cortex (where FC is fold change).
There is growing evidence that pathological accumulation of Aβ is obviously due not so much to overproduction of APP, as to an imbalance in the production and clearance of Aβ (34) . The increased accumulation of Aβ with age in the brain of OXYS rats (15) , along with an increase of expression of genes involved in the processing of APP (Apbb1, Psen2, and Aph1a) may be associated with disturbances in degradation processes. Indirectly, this finding indicates a decrease in the expression of genes involved in aggregation of Aβ (Lpl) and its degradation (Mme). Downregulation of MME causes accumulation of Aβ in the brain (35) .
A comparison of genes in OXYS rats and human AD data sets revealed similarities in alterations of expression of 73 genes related primarily to mitochondrial function and neuronal and synaptic processes. In addition, between humans and rats, there were common pathways related to neurodegenerative diseases such as AD, Parkinson's disease, and Huntington's disease. The matching genes among the overlapping gene sets of these neurodegenerative diseases were found to be related to the electron transport chain, thus supporting the hypothesis that mitochondrial dysfunction may be a trigger of the development of neurodegenerative processes (31). Our results revealed age-dependent changes in the structural organization of cellular organelles, including mitochondria, in the neurons of the prefrontal cortex of OXYS rats. In addition, an increase in the relative proportion of lysosomes and vacuoles in OXYS rats already at the age of 20 days can be considered an enhancement of autophagy and apoptosis. After birth, the high activity of cerebral apoptosis related to the formation of interneuronal contacts and elimination of "transitional" cell populations (36) as well as neurogenesis are suggestive of enhanced reactive oxygen species production (37). It was this age period when increased reactive oxygen species production (19) and accumulation of deletions in mitochondrial DNA (38) have been detected in the brain of OXYS rats.
In addition, significantly altered biological processes in the prefrontal cortex both during human AD and in OXYS rats were found here to be related to immune, endocrine, and circulatory systems and to signal transduction. A transcriptomic profile of expression of genes related to immune processes in both the prefrontal cortex and retina (39) of old OXYS rats may be described as defective inflammation. In particular, the changes in the expression of genes involved in gliogenesis in the prefrontal cortex of OXYS rats are indicative of the increased proliferation of glial cells with age. Recently, we reported the activation of proliferation of glial cells in the hippocampus of 18-month-old OXYS rats that contributes to the neuroinflammatory processes associated with AD-like pathology (23) . Nonetheless, the alterations in the structure of microglial cells (changes that are characteristic of aging) in the hippocampus of OXYS rats (23) reflect the loss of their regulatory functions related to migration, clearance of cellular waste, and, ultimately, neuronal survival (40) . We assume that a systemic immune imbalance (23, (41) (42) (43) (44) (45) may create a certain metabolic background for the development of many manifestations of accelerated aging in OXYS rats, including AD-like pathology.
Another finding in our study is the differential expression of genes related to the hypoxia response, as well as genes involved in the circulatory system. Recently, we showed that in the hippocampus of OXYS rats, transcriptomic changes in the expression of genes functionally associated with cerebrovascular processes occurred already in the early period of life (18) . With age, when AD-like pathology progresses, OXYS rats develop structural and functional alterations in the cerebral blood flow typical of chronic ischemia (46, 47) . The increased APP production and Aβ accumulation in the brain of OXYS rats (14, 15) may also be involved in cerebrovascular dysfunction; brain ischemia activates cleavage of APP by β-and γ-secretases (48) . Moreover, cerebrovascular dysfunction is considered a major risk factor of AD, which precedes and facilitates the launch of a neurodegenerative process, and chronic ischemia inevitably contributes to the progression of neurodegenerative changes (49) .
On the basis of our present and recent results, we can conclude that mitochondrial impairments in OXYS rats are the earliest change in the development of AD-like pathology and progress with age along with the age-related lipid and immune aberrations, cerebrovascular alterations, and increased neuronal degeneration. In conclusion, our study presents RNA-seq analysis yielding a more detailed picture of transcriptional changes with age to understand the molecular mechanisms of brain aging and AD.
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